Background-The purpose of this study was to determine whether patients with heart failure
Introduction
Patients with heart failure and a preserved ejection fraction (HFpEF) have been shown to have abnormalities of left ventricular (LV) diastolic function including slowed/incomplete relaxation, decreased suction/recoil, and increased passive chamber stiffness [1] [2] [3] [4] [5] . However, the myocardial basis for these changes remains incompletely understood. Some recent clinical studies have suggested that development of HFpEF is accompanied by significant changes in the composition and structure of the extracellular matrix (ECM), especially fibrillar collagen [6] [7] [8] . Other studies and editorials have emphasized the contribution of changes in titin (the giant molecular spring protein that is one important factor responsible for cardiomyocyte passive stiffness) [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 21 ;
specifically, changes in the phosphorylation of titin [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, in previous studies of patients with HFpEF, the role of titin was examined in isolated, chemically demembranated cardiomyocytes obtained from endocardial myocardial biopsies; these preparations did not include surrounding ECM structures. The aforementioned changes in collagen and/or titin are expected to increase passive myocardial stiffness; however, myocardial stiffness has never been measured directly in myocardium from HFpEF patients. Thus, the magnitude of the assumed increase in myocardial passive stiffness and therefore its importance as a determinant of diastolic dysfunction are unknown. In addition, the role of increased passive stiffness in the development and clinical course of patients with HFpEF and the relative contribution of changes in the ECM versus titin to passive stiffness in HFpEF are also unknown. In the present study, we hypothesized that changes in both collagen and titin occur during the development of HFpEF and that these changes combine to cause a major increase in myocardial passive stiffness that contributes to the development of HFpEF.
To determine the extent to which ECM collagen and titin contribute to changes in pecifically, changes in the phosphorylation of titin [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, in previous s st tu tudi di dies s o of f f pa pa pat ti tien e ts with HFpEF, the role of titin was examined in isolated, chemically demembranated ca ard rd dio io iom my myoc oc ocyt yt ytes o o ob bt btai a ned from endocardial myo oca ca c r rd dial biopsies; t t the h h se e pr pr prep e arations did not myocardial passive stiffness in patients with HFpEF certain experimental conditions must be met. First, since several potential determinants of passive stiffness could change concurrently during the development of HFpEF, the contribution of each must be determined in samples of myocardium which include an integrated, intact composite structure. To satisfy this condition, methods of differential extraction have been developed to determine the separate contributions of collagen and titin to stiffness in demembranated myocardial strips 9, 10 . In the current studies these methods were applied to strips prepared from LV myocardial biopsies obtained during coronary artery bypass grafting (CABG). Second, the effects of co-morbidities and antecedent diseases must be distinguished from changes associated with the clinical syndrome of HFpEF.
Two of the most common antecedent disease processes that lead to HFpEF are arterial hypertension (HTN) and diabetes mellitus (DM) [33] [34] [35] [36] [37] . In the current study, patients with HTN (or
DM combined with HTN) without HFpEF [HTN(-)HFpEF] were compared to patients with HTN
(or DM combined with HTN) with HFpEF [HTN(+)HFpEF]. Third, an appropriate referent control group must be studied. For this purpose, CABG patients with no history of HTN or DM were chosen. There are limitations in using these patients as referent controls in that CAD could have uncertain effects on myocardial stiffness that cannot be distinguished from those related to hypertension. However, CAD is present in a majority of patients with HFpEF (38); thus, a CAD "background" is quite representative of the HFpEF population. Using these methods, the purpose of this study was to determine whether patients with HFpEF and an antecedent history of HTN or HTN/DM have an increase in passive myocardial stiffness and whether changes in stiffness are dependent on changes in collagen and/or titin. Additionally, we sought to determine the relationship between changes in myocardial passive stiffness and echocardiographic measures of LV structure and function and selected plasma biomarkers.
Two of the most common antecedent disease processes that lead to HFpEF are a ar r rter r ria ial l l hypertension (HTN) and diabetes mellitus (DM) [33] [34] [35] [36] [37] . In the current study, patients with HTN (or
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Experimental Measurements
Demographic, medication and laboratory data and cardiac catheterization results (coronary anatomy, LV end-diastolic pressure) were tabulated. The severity of coronary artery disease (CAD) was graded based on the number of major vessels (left anterior descending, left circumflex, right coronary arteries) with a stenosis >70%, with left main coronary stenosis considered as two vessels. Patients recruited at UVM and MUSC underwent an echocardiographic-Doppler examination to assess LV chamber structure and function. In addition, in these patients a 10 cc plasma sample was obtained for measurement of biomarkers. Intra-operative LV anterior wall epicardial biopsies were obtained as previously described (39, 40 w who o o satisfied th th he e in n ncl cl lu us usio io on n n an an and d d ex excl cl c u us usio on n n crit it ter r ria s sp pe e ecif f fie ie ied d b b bel lo ow w. . A A All ll p pa at a i ie ent nt ts s s si sign gn ned ed ed c co on nse se sent nt t fo orm rm rms s s ap ap appr pr prov ov oved ed b b by y y th the ei eir r re resp spec ec e ti ti tive ve ve I I Ins nst ti titu u uti ti tion on onal al al R Re ev evie iew w w Bo Bo Boa ar ards ds ds. .
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protocol were part of an NIH grant (RO1HL089944) with multiple specific aims; therefore, biopsy samples were allocated to several protocols, data from some of which have been published 39, 40 .
Given the size of each biopsy, all protocols could not be performed on each biopsy. For the current study, 25 biopsies were used to assess myocardial passive stiffness; 30 were used to measure tissue collagen content; and 14 were used for titin phosphorylation studies (Table 1) .
General Inclusion Criteria
Patients scheduled to undergo CABG over 21 years of age, with a preserved LVEF ( 50%), normal wall motion and end-diastolic volume index (EDV i , < 75mL/m 2 ), and without evidence of previous myocardial infarction were eligible. Patients were categorized into three groups: control, HTN(-)HFpEF and HTN(+)HFpEF.
Specific Patient Group Inclusion Criteria
Control patients fulfilled the general inclusion criteria, but did not have a history of HTN or DM.
HTN(-)HFpEF patients fulfilled the general inclusion criteria, and had a history of HTN documented in their records and/or had been told of this diagnosis by a physician, and were receiving medications for its treatment. These patients had no evidence of heart failure as defined below. 
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Exclusion Criteria
Patients were excluded if they had a previous transmural myocardial infarction, LVEF < 50%, LVEDV i > 75 mL/m 2 , significant valvular or other non-coronary heart disease, severe chronic pulmonary disease requiring oral steroids and/or oxygen therapy, any non-cardiac disease or condition known to affect myocardial function, anemia (Hgb < 13.0 g/dl), serum creatinine > 2.0 mg/dL, poorly controlled hypertension (blood pressure > 140/90 mmHg), off-pump or emergency CABG, morbid obesity, history of substance abuse, inability to provide informed consent, poorly controlled diabetes (HbA1c >8.5% within the past 6 months), active malignancy, severe connective tissue disease , severe liver disease, hypertrophic cardiomyopathy, restrictive cardiomyopathy or constrictive pericarditis, HIV or active infection.
Myocardial Biopsy Procedure
Anterior LV free wall epicardial biopsies weighing ~25-50 mg were obtained during CABG soon after the patient was placed on cardiopulmonary bypass, as previously described 39, 40 . The biopsy was placed in oxygenated HEPES-based Krebs buffer containing 30 mmol/L 2,3-butanedione monoximine (BDM) at room temperature 39, 40 . Small samples (< 5 mg) were removed and frozen for collagen and titin studies or placed in formalin for histology. The remainder of the tissue was processed for stiffness studies. From the section of the biopsy that remained in buffer, tissue was dissected into pieces < 2 mm in length and placed in skinning solution containing Triton-X100 at 4 C. For samples obtained at MUSC and the HFRN centers, the skinning period coincided with overnight transit to UVM at 4 C. After 18-24 hour skinning, strips were dissected to 150-200 μm diameter and 800-1200 μm length and then underwent measurements of myocardial stiffness as described below.
All patients were followed until discharge, with particular attention to ventricular cardiomyopathy or constrictive pericarditis, HIV or active infection.
An Ante te teri ri rio or or L L LV V V f free e e w w wal a l epicardial biopsies weighi hi ing ng n ~25-50 mg w wer e e e o obt bt bta ai ained during CABG o oon n on after the p pat a atie e ent nt w wa as as p p pla la ac ce ced d on on on c ca a ard d diop pul l lmon n na a ary by by bypa pa ass ss, as as s p pre revi vi iou ou ousl sly y y de de desc scri ri ribe be bed arrhythmias and bleeding complications. No adverse effects or post-operative complications ascribable to the biopsy procedure were detected and all patients were discharged alive.
Measurement of Passive Myocardial Stiffness
At time of study, aluminum T-clips were attached to the ends of each strip. The strip was mounted between a piezoelectric motor (Physik Instrumente, Auburn, MA) and a strain gauge (Kronex Technologies, Oakland, CA) and initially lowered into a 30 μL droplet of relaxing solution maintained at 37 C. The composition of relaxing solution is specified in previous reports 39, 40 . Sarcomere length (SL) was measured by Fourier Transform of digital images (IonOptix Corp, Milton, MA) 9 . Measurements of total, collagen-dependent, and titin-dependent stiffness were made using a previously published differential extraction protocol 9, 10 . The extraction method removes the anchors of titin within the myofilament, leaving only ECM-based stiffness. This method, originally developed and validated by Granzier and colleagues 9, 10 , has been successfully used in other studies 43 . In previous control studies in which titin's stiffness was eliminated by protease treatment and the muscle strip was then treated with KCL/KI 12 , ECM stiffness was shown to be unaffected by the KCL/KI treatment. Thus, while the differential extraction protocol causes irreversible myocardial damage it does not affect the measurements that are central to the questions addressed in this study.
Echocardiography
Echocardiographic studies performed at UVM and MUSC were interpreted by a core laboratory at MUSC. Studies were de-identified, coded, and interpreted in a blinded fashion. Measurements were made using American Society of Echocardiography criteria 44 .
Collagen
Collagen was assessed using both biochemical and histologic methods. Soluble, insoluble, and tiffness were made using a previously published differential extraction protocol l 9 9, 10 10 1 . Th Th The e extraction method removes the anchors of titin within the myofilament, leaving only ECM-based t tif if ffn fn fne es ess. T T Thi h his s me me eth th thod o , originally developed and d d va va v l lidated by Gra a anz n n ie er r r a an and colleagues 9, 10 , has bee en n successfu full lly y y u us used ed d i in n ot othe he her st stud ud udie ies s s 4 43 3 . In n n p p prev vi io ou us co co cont ntr r rol l l st stu ud udie ies in in n w w whi hi hich ch h t tit itin in in's s 's s st tiff ff ffne nes s ss total collagen content were determined using tissue samples sequentially extracted and assayed directly using the microplate picrosirius red assay [45] [46] [47] . Collagen volume fraction (CVF) was measured using light microscopy with samples stained with picrosirius red (PSR) to detect collagen and viewed with polarized light under dark field optics to detect birefringence of the fibers 45 .
Titin Studies
Titin isoform analysis was performed with 1% agarose gels using a vertical SDS-agarose gel system as previously described 23, 48 . LV myocardium co-expresses compliant N2BA titin and stiffer N2B titin isoforms 9 ; their expression ratio was determined. We also measured titin degradation as the ratio of T2 (~ 2 MDa degradation product of titin) to T1 (full length titin).
Titin phosphorylation levels were quantified via Western blotting 9, 25 . Blots were stained with Ponceau S (Sigma) to visualize the total protein transferred and then probed with phosphospecific rabbit polyclonal antibodies against phosphorylated S11878(S26) and S12022(S170) of the PEVK element 25 . These sites are known to be phosphorylated by PKC. In addition, blots were probed with phospho-specific rabbit polyclonal antibodies against phosphorylated S4185(S469) of titin's N2B element. This site is known to be phosphorylated by PKA and PKG 32 . Membranes were labeled with secondary antibodies conjugated with fluorescent dyes with infrared excitation spectra (CF680, goat anti-rabbit, Biotium Company, Hayward CA). Blots were scanned using an Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln NE) and images analyzed using Li-Cor software. Ponceau S scans were analyzed in One-D scan to normalize phosphorylation signal to protein loading.
Plasma Biomarkers
Biomarkers were chosen that reflect changes in ECM homeostasis, specifically matrix degradation as the ratio of T2 (~ 2 MDa degradation product of titin) to T1 (full l l le leng ng ngth h h t t tit it itin in in). ). ).
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Results
Demographic and Echocardiographic Data
The mean age of the study group was 65 years; most subjects were male ( Table 2) The structural and functional data obtained from the echocardiographic studies also confirm the category definitions for each group ( Table 3) . By definition, LV volumes and EF were normal in each group. Both HTN groups had increased LV mass and RWT. The number in each HTN group with concentric LVH was comparable (39% in HTN(-)HFpEF and 41% in HTN(+)HFpEF); the number with concentric remodeling was also comparable (32% in HTN(-)HFpEF and 30% in HTN(+)HFpEF). Thus, the percentage with either concentric LVH or concentric remodeling (i.e., increased RWT without increased LV mass) was ~70% in both groups.
Measurements that reflect diastolic function and filling pressure (E, E', PCWP, LVEDP, LA volume) were increased in HTN(+)HFpEF. With the exception of a small increase in LA volume, these measurements were normal in HTN(-)HFpEF patients. LA enlargement was also more he medications taken by each group ( Table 2) 
Myocardial Stiffness
Relationships between myocardial stress and SL between 2.0-2.6 m for the three groups, which reflect total passive myocardial stiffness, are shown in 
Collagen
Myocardial collagen content was measured using both biochemical and histologic methods.
HTN(+)
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Titin
Titin N2B and N2BA isoforms and phosphorylation were examined in the 3 patient groups.
Three phosphorylation sites in titin's spring region were examined: S11878(S26)and S12022(S170) of the PEVK element, sites phosphorylated by protein kinase C (PKC) and calcium/calmodulin dependent protein kinase II (CaMKII), and S4185(S469) of the N2B element, a site phosphorylated by protein kinase A (PKA) and protein kinase G (PKG) ( Figure   5 ). There were no differences in the N2BA/N2B titin ratio between the three groups (0.53±0.14 in control, 0.50±0.13 in HTN(-)HFpEF and 0.59±0.14 in HTN(+)HFpEF) and no changes in T2
(titin degradation product): T1 (full length titin) ratio amongst the groups. Patients with HTN(+)HFpEF had a 31% higher phosphorylation value at the S11878(S26) PKC/CaMKII site, no change at the S12022(S170) PKC CaMKII site and a 28% lower value at the S4185(S469)
PKA/PKG site compared with HTN(-)HFpEF. There were no significant differences between HTN(-)HFpEF and control patients at any of the phosphorylation sites.
Plasma Biomarkers
Of the 16 biomarkers measured, four were significantly altered in the HTN patients compared with the controls (Table 4) . CRP, sST2, TIMP-1 and NT-proBNP were higher in the HTN(-)HFpEF patients compared with the controls. Levels of sST2, TIMP-1 and NT-proBNP increased further in the HTN(+)HFpEF group. There were no differences in MMP-1, 2, 3, 7, 9 or calcium/calmodulin dependent protein kinase II (CaMKII), and S4185(S469) of f t t the he he N N N2B 2B 2B element, a site phosphorylated by protein kinase A (PKA) and protein kinase G (PKG) ( Figure   5 ). ). T T The he here re w w wer er re no no o d dif i ferences in the N2BA/N2B B B t ti t t ti in ratio betwe een en e th he e e th th three groups (0.53±0.14 n n c c con o trol, 0.50 50± ±0 ± . . Correlations between NTpro-BNP and titin phosphorylation at S4185(S469), S11878(S26) and S12022 (S170) and NTpro-BNP and titin-dependent stiffness were tested.
While the sample size was limited, there was no clear relationship between NTpro-BNP and S4185(S469) (r 2 =0.009) or S12022 (S170) phosphorylation (r 2 = 0.04). However, there was a trend with S11878(S26) (r 2 = 0.32, p=0.2). There was also a trend between NTpro-BNP and titindependent stiffness, r 2 =0.22, p=0.08.
Finally, we also tested for correlations between sST2 and CVF and collagen-dependent stiffness. There were trends for both relationships, with sST2 increasing with increased CVF, r 2 =0.58, p=0.047 and increased collagen-dependent stiffness, r 2 =0.40, p=0.011.
Effects of Diabetes Mellitus
In the two HTN groups, the presence of DM did not affect echocardiographic parameters of hypertrophy or diastolic function, in vitro measures of stiffness, collagen or titin assays or biomarkers. DM also did not alter the differences in any of these parameters between HTN without or with HFpEF.
Discussion
The results of this study support several novel conclusions. The current study showed for the first time that patients with HTN(+)HFpEF have a significant increase in passive myocardial stiffness rend with S11878(S26) (r 2 = 0.32, p=0.2). There was also a trend between NTpr pro o o-BN BN BNP P P an an and d d ti tit tin dependent stiffness, r 2 =0.22, p=0.08.
F F Fin in inal al all ly ly, we we we a also tested for correlations be e etw tw twe een sST2 and d C C CVF F a a an n nd collagen-dependent t tif ff fn fness. There re w w we e ere e t tr t en en ends ds ds f f fo o or r bo bo oth th h re e ela a ation n nsh h hips s, w with th h s sST ST T2 2 2 in inc cr cre ea easi si in n ng w wit it th h h in incr cr rea ea ase sed properties from the effects of HFpEF itself. The techniques used to make direct measurements of passive myocardial stiffness in left ventricular myocardial strips were developed using samples from patients with heart failure and a reduced ejection fraction (HFrEF) but these techniques have not been previously applied to patients with HFpEF.
Previous studies in patients with HFpEF examined the contribution of changes in titin to the resting tension (passive stiffness) of isolated cardiomyocytes obtained from LV endomyocardial biopsies; these studies also showed that collagen volume fraction was increased 19, 20 . However, no previous study in patients with HFpEF has shown the relative contributions of changes in both collagen and titin to passive myocardial stiffness. The current study showed for the first time that the increase in myocardial stiffness in HFpEF patients was caused by changes in both ECM fibrillar collagen and cardiomyocyte titin. Specifically, HFpEF patients had increased collagen-dependent stiffness in association with increased fibrillar collagen content.
HFpEF patients also had increased titin-dependent stiffness in association with significant changes in the phosphorylation state of titin, with decreased phosphorylation of a PKA/PKG site in the N2B element and increased phosphorylation of one of the PKC sites in the PEVK element.
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While all of the HFpEF patients examined in the current study had antecedent HTN and ~ 50% had DM, the presence of these co-morbid antecedent disease processes alone, in the absence of heart failure, did not alter total myocardial stiffness or its titin and collagen-dependent components. This is the first clinical study in patients with HFpEF to examine and differentiate the effects of a major antecedent disease substrate, such as hypertension, on myocardial structure and function before the clinical syndrome of HFpEF has actually developed. There has been significant controversy regarding the ability to differentiate or distinguish patients with hypertension from those with HFpEF. It has been proposed that HFpEF is simply the aggregate of a number of co-morbid factors such as hypertension, diabetes, CAD, obesity, etc. The current study clearly demonstrates that there are specific structural and functional differences between patients with hypertension without and with HFpEF. Similar conclusions are likely to be applicable to other co-morbid or antecedent disease processes.
The current study also shows for the first time that the development of collagen and titin based changes in diastolic function in patients with HFpEF occur in association with proinflammatory and profibrotic stimuli as measured by plasma biomarkers. These data provide additional support for the overall schematic hypotheses proposed by Paulus and Tschope (i.e., that proinflammatory and profibrotic signaling play a significant mechanistic role in the development of HFpEF) and constitute new mechanistic insights into the pathophysiology underlying HFpEF 13 .
Hypertensive Heart Disease
HTN results in LV pressure-overload (PO) and causes a spectrum of structural, functional and clinical outcomes that have collectively been called hypertensive heart disease (HHD). Data from animal models of PO suggest that the myocardium responds to increased load by tudy clearly demonstrates that there are specific structural and functional differe re enc nc ces e e b b bet et etwe we ween en patients with hypertension without and with HFpEF. Similar conclusions are likely to be ap ppl pl plic ic icab ab able le le t t to o othe he her r r c co-morbid or antecedent dise e eas as a e e e processes. r
The cur urre re en nt t s stu tu udy dy y a a als ls lso o sh show ow ows s f fo or r the e fi fi irst t t tim m me t t th ha hat t th th t e e e de de ev ve elo lopm pm men ent t of of of c col ol lla la lage ge g n n n an an and d ti t t t tin Overall, there is good concordance between the current study and previous clinical studies in pressure-overload and HFpEF 16, 19, 20, 26, 28 . Van Heerebeck et al 19 and Borbely et al 20 showed that patients with pressure-overload induced HFpEF had increased cardiomyocyte stiffness; however, because these mechanical studies were performed in isolated cardiomyocytes with the ECM removed, the relative contribution of these changes in collagen and titin to myocardial stiffness could not be determined. ab b bse se senc nc nce e of of f s s se eq eque ue ent nt tia ial l da da ata ta in n th th he e e sa sa sam me me p pat at atie ie ien n nts ts s w we e e c ca can nn nnot ot ot p p pro ro ove ve v t the he he c c co on onc ce cept pt t t tha ha hat t se se seq qu que e ent ti tial al emporal cha ang ng nges es e o o occ cc c ur ur ur in n th th the e e ce ce cell ll l ul ul ular a a a and nd nd m m mol ol o ec ec ecul ul ular ar ar m m mec ec echa ha hani ni nism sm sms th th that at at u u und nd nder er e li i ie e e HH HH HHD, D, D our data
Our results indicate that at SL 2.6 m increases in ECM collagen account for more than 2/3 of the increase in resting tension in HFpEF. However, the relative contributions of titin and collagen to resting tension are SL-dependent; collagen accounts for a larger proportion at longer SLs and titin for a larger proportion at short SLs. Their relative contributions are therefore ultimately determined by the actual operating SL range in our patients, which is unknown. Based on studies performed in pigs 53 , we do know that in large mammals the upper end of the operating range extends to 2.5-2.6 m. To the extent that the actual operating range is lower, the increase in total resting tension in HFpEF will be more evenly divided between the two.
Data from the current study significantly advance our understanding of how these mechanisms contribute to changes in myocardial stiffness by examining intact myocardial samples that allowed integrated physiologic studies to selectively examine the individual contributions of collagen and titin. The current study showed hypophosphorylation of PKG/PKA sites on titin in HFpEF patients, consistent with the reduction in passive tension detected when cardiomyocytes from HFpEF patients are treated with PKA/PKG 19, 20 and consistent with phosphorylation studies in animal models 43, 54 . In contrast to Van Heerebeck et al 19 and Borbely et al 20 , we did not detect changes in the N2BA/N2B ratio in HFpEF patients. In some but not all of the studies from these investigators, the N2BA/N2B ratio was increased in HFpEF, which would be expected to result in a potentially compensatory decrease in titin stiffness 16-20, 26, 28 . It is worth noting that the HFpEF patients studied by these investigators had overtly decompensated heart failure and were therefore very likely at a more advanced stage of the syndrome. Perhaps more advanced disease is required to elicit such a compensatory change. The current study also showed for the first time that patients with HFpEF have hyperphosphorylation of one of the PKC/CaMKII sites on titin. Previous animal studies have demonstrated that mechanisms contribute to changes in myocardial stiffness by examining intact m myo yo yoca c c rd rd rdia ia al l l amples that allowed integrated physiologic studies to selectively examine the individual co ont nt ntri ri ribu bu buti ti tion on ons of f c c co ol olla l gen and titin. The current st st stud ud udy showed hyp p pop o o ho osp sp sph horylation of PKG/PKA i i ite es s on titin in n HF HF HFpE EF F F p pa pati ti tien en nts ts ts, , co co on ns nsis s ste e ent w w wit th th he he red d du uc ucti tion on on i in n pa ass ssiv iv ive te ten ns nsio io on n de de dete te tect ct ted ed d w wh he h n n n ca ard rd rdio io iomy my myoc oc cyt yt ytes es f fro o om m HF HF FpE p F F F pa pa ati ti tie e ent nt n s s ar ar are e e tr tr trea ea e te te ted d wi with th h P PKA KA KA/P P PKG KG KG 19, 19, 20 20 an nd nd c c con on onsi sist st ten en ent w w wit th th phosphorylat atio io ion n n st st stud ud udie ie es s s in n a a ani ni n ma ma mal l l mo mo m de de dels ls s 43 43 43, 54 54 54 . In In n c c con on o tr r ras as a t t t to to o V V Van an a H H Hee ee eere re rebe be beck ck c e e et t t al al al 19 19 19 a and Borbely y y hyperphosphorylation at these sites results in increased titin stiffness 23 ; however, the current study is the first clinical study to show that this contributes to increased myocardial stiffness in patients with HFpEF. In addition, while not yet studied in HFpEF, studies in HFrEF have suggested that CaMKII-dependent phosphorylation of S12022 (S170) may reduce passive stiffness 54 .
The finding that both changes in collagen and titin may play a pivotal role in the development of HFpEF in HHD suggests the possibility that there may be common upstream mechanisms resulting in both changes 13 . The presence of a HTN induced proinflammatory, profibrotic, and/or redox stress state is supported by the plasma biomarker profiles found in the current study. The increase in CRP, sST2 and TIMP-1 in the HFpEF patients supports this hypothesis. Clearly, more investigation is needed in this area.
Diabetes Mellitus
Diabetes mellitus has been shown in both animal studies and clinical disease to cause abnormal diastolic function that may contribute to the development of HFpEF 14, 16, 18 . DM is reported to cause changes in collagen homeostasis (by altering cross-linking) and titin phosphorylation.
Approximately 50% of the patients in the current study had DM as well as HTN. The presence of DM in addition to HTN did not appear to alter myocardial stiffness, collagen or titin to an extent greater than that of HTN alone. Because of their rarity in the CABG population, we were unable to identify sufficient numbers of patients with DM without HTN for analysis. This lack of effect differs from previous studies of pressure-overload (caused by aortic stenosis) in which the presence of DM caused a significant increase in cardiomyocyte stiffness over and above that caused by pressure-overload alone. This may be explained by patient selection differences. Thus, previous studies did not specifically identify whether patients with pressure-overload or DM had current study. The increase in CRP, sST2 and TIMP-1 in the HFpEF patients sup p ppo po or rts s th th this is is hypothesis. Clearly, more investigation is needed in this area.
Di Diab ab abet et etes es M M Mel el e litu tu us s s
D Dia ab abetes melli litu tus s h ha has s be be een en n s sho ho hown wn n i in n n b bot t th an n nim m mal st tu udi ie ies s s an an nd d cl cli in ni ic cal al d d dis se eas as se e t to to c ca au ause se s a a abn bn nor orma m mal di dias as asto to oli li lic c fu fu unc nc ncti tion on n t t tha hat t m ma may y co co ont nt ntri ri ribu bu bute te t t to o th th the e e de de eve ve v l lo lopm pm pmen en nt t t of o of H H HFp Fp pEF EF EF HFpEF or selectively examine patients with LVH without HFpEF 14, 16, 18 . Additionally, the current study may not have been powered sufficiently to examine the separate effects of DM, there may be differences between pressure-overload caused by HTN versus aortic stenosis, and the duration, severity and management of DM may differ between studies. The current study does not necessarily bring into question the importance of DM in HFpEF, but it does raise the question of whether HTN and DM together have a combinatorial effect on passive stiffness. In addition, we did not examine the effects of DM on other determinants of diastolic function that could affect passive stiffness such as calcium homeostasis and contractile proteins, key determinants of relaxation rate and extent.
Effects of changes in collagen and titin homeostasis on diastolic function
Changes in collagen content, geometry, and composition are associated with abnormal diastolic function in HHD and other comorbidities common in patients with HFpEF 55 . Collagen content is the product of the balance between collagen synthesis, post-synthetic processing, posttranslational modification and degradation. The current study was not designed to examine the determinants of collagen homeostasis or mechanisms that alter it. However, the changes in plasma biomarkers detected in the HFpEF patients may provide some insights 56 . Increases in sST-2 and TIMP-1 suggest that a profibrotic stimulus was present that would be expected to increase collagen synthesis and decrease collagen degradation. TIMP-1 has been shown to inhibit MMPs, the major degradation enzymes present in the ECM. ST2 is a member of the This cardioprotective effect is negated by soluble ST2 which prevents binding of IL-33 to membrane bound ST2. Thus, increased TIMP-1 and sST-2 provide two potential mechanisms for
Changes in collagen content, geometry, and composition are associated with abnormal diastolic fu unc nc cti ti tio on on i i in n n HH HH H D D D a an and other comorbidities comm m mon on o i in patients wit ith h h HF F FpE pE pEF 55 . Collagen content s s th he he product o of f f th h he ba ba b la la anc nc nce e be be betw twee ee een n co collag gen n n syn nt nth hes si sis s, s, p po os ost-t-sy sy yn nth thet etic ic i p p pro roce ce cess ssin in ng, g, g p po ost-t--r ran an nsl sl lat at atio iona na al l l mo mod d dif fi fica cat tio on on and nd nd d d de e egr gr grad a ada at atio o on n. n. T The he he c cur ur urr ren nt nt s s stu tu tudy dy dy w w wa a as s no no not t de de desi sign gn ned ed ed t to o o e ex exam am mi in ine e t t the e e determinants s o o of f f co co oll ll llag ag agen en n h h hom om omeo o ost st stas as sis is i o o or r r me me mech ch han an a is is isms ms ms tha ha hat t al al alte te ter r r it it it. . Ho Ho Howe we weve ve ver, r, r, t the he he c c cha ha hang ng nges in Titin's I-band segment serves as a molecular spring that develops passive force when extended 57 . Alternative splicing results in either the shorter and stiffer N2B or the longer and more compliant N2BA isoforms, which are co-expressed within the sarcomere. When the N2BA/N2B isoform ratio increases, cardiomyocyte and myocardial stiffness decrease as reported in heart failure with reduced EF 58, 59 . In contrast, Borbely et al reported an increase in the N2BA/N2B isoform ratio in HFpEF patients but cardiomyocyte stiffness was increased 28 ,
implying that changes in phosphorylation outweigh the isoform shift. The N2BA/N2B ratio did not change in the current study. As discussed above, it is possible that the isoform switch occurs at a later stage of HFpEF. In addition, the N2BA:N2B ratio did not change in at least one study of human HCM and DCM 60 .
The phosphorylation state of 2 elements within titin's spring segment also modulates cardiomyocyte stiffness. Sites within the N2B element (e.g., S4185
[S469]) are phosphorylated by PKA and PKG, which decreases passive force 25, 32 . Sites within the PEVK element (S11878[S26] and S12022 [S170]) are phosphorylated by PKC (other PKC isoforms have not yet been studied), which increases passive force. Additionally our data and the data of other investigators suggest that these sites on titin are also a target of CaMKII 54, 61, 62 . In both the current and previous studies in HFpEF patients 28 , hypophosphorylation of the N2B element has been observed. Moreover, treatment of skinned cardiomyocytes from HFpEF patients with PKG decreased cardiomyocyte stiffness 28 , indicating that hypophosphorylation of PKA/PKG sites contributes to elevated passive force. Importantly, PKG treatment did not lower stiffness to the level present in control cardiomyocytes. It has been speculated 22 that this residual elevation in tension is due to hyperphosphorylation of PKC sites. In the current study we demonstrate that at a later stage of HFpEF. In addition, the N2BA:N2B ratio did not change in at t le le leas as st t on on o e e e st st stud u udy y of human HCM and DCM 60 .
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by by P P PKA KA KA a and nd nd P P PKG KG G, , wh wh hic ch h de decr cr c ea ea ase se ses s s pa pa ass ss siv iv ive e e fo o orc rc r e e 25 5, 5, 32 2 2 . . Si Si Site te tes s wi wi w th th hin in n t t the he e P P PEV EV VK K K el elem em emen nt t t S11878 The increased PKC activity that is suggested by the increased S26 phosphorylation did not result in phosphorylation of S12022 (S170). Previous studies indicate that PKC is preferably active at sites with N-terminal and C-terminal basic residues 63 . These studies also indicate that PKC preferentially phosphorylates serines with basic residues within three amino acids of both the C-and N-termini. Based on these results, PKC should have a stronger affinity for S11878(S26) than S170 because of the closer proximity of the neighboring basic amino acids
(lysine [K] and arginine [R]
). Finally, increased PKC activity has been shown to directly increase protein phosphatase inhibitor-1 (PP1) activity 64 , an effect which should facilitate hypophosphorylation of PKA/PKG sites in the N2B element (its effect on PKC sites might be negated by the increased PKC activity). Thus, increased PKC levels might increase stiffness directly through phosphorylation of PEVK S11878(S26) and indirectly through PP1 activation causing hypophosphorylation of PKA/PKG sites.
Limitations
The demographic characteristics of the current study population were typical of a CABG population. However, our HFpEF patients were slightly younger and more often male than typical patients in epidemiologic studies or randomized clinical trials. From the viewpoint of LV structure and function, however, they were typical of previous HFpEF studies.
What constitutes an appropriate control group is a challenging issue in all research using human myocardium. The degree of angiographic CAD was similar in all three study groups;
therefore, CAD was not likely to be a confounding variable across groups. Alternative choices
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for controls are limited and less than ideal. Unused explanted donor hearts are usually from young subjects who have been subjected to high levels of stress for varying durations. Open heart procedures in patients without CAD or LV remodeling (e.g., ASD closure) are now rare and usually performed in younger patients. Samples from endomyocardial biopsies cannot be used for mechanical tissue studies because of tissue trauma. On the other hand, CAD, much of which is likely sub-clinical, is very common in HHD and HFpEF patients. Indeed, a recent report
indicates that a majority of HFpEF patients have epicardial coronary stenosis 38 . Thus, the presence of CAD can be considered a "real world" background in HTN patients and controls.
The limitation imposed by the presence of CAD, however, is that we cannot exclude possible CAD effects on myocardial stiffness and/or distinguish them from the effects of hypertension or diabetes.
The current study focused specifically on the contribution of collagen and titin to the development of HFpEF. As in heart failure with a reduced ejection fraction (HFrEF), in HFpEF other mechanisms also contribute to the development of heart failure. Thus, changes in calcium homeostasis, energetics, and actin-myosin cross-bridge dynamics, which govern the speed and completeness of relaxation, all may play a role in HFpEF in addition to changes in passive stiffness.
Titin is a large and complex molecule with many phosphorylation sites outside the mechanically relevant spring region; however, assessing all of them may not be required in the context of the current study. The current study focused on three sites in the N2B and PEVK elements that have been documented in several studies for which we have made and characterized phospho-site specific antibodies. Two additional PKA/PKG sites in the N2B element were published recently by Kotter et al (S4010 and S4099).In their recent study Kotter et CAD effects on myocardial stiffness and/or distinguish them from the effects of f h h hyp yp per r rte te ens ns nsio io ion n or diabetes.
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It is important to acknowledge other limitations of the current study. We did not systematically study all titin phosphorylation sites. The protein has at least 70 phosphorylation sites, as shown by in-vivo phosphoproteomics using a SILAC approach 54 . Moreover, recent work has suggested that the N2B domain contains several more conserved serines which are differentially phosphorylated in human HFrEF and in animal models of HFpEF 32, 43, 52 .
Phosphospecific antibodies against the respective N2Bus sites were used in human HCM and DCM hearts 60, 54 . These studies underscore the complexity of titin phosphorylation schemes and the need for further research in patients with HFpEF as well as other forms of heart failure that will allow a more complete understanding of the contribution of titin to passive stiffness.
The current study also did not focus on upstream regulatory mechanisms effecting titin phosphorylation such as changes in the expression, abundance and activity of relevant protein kinases (e.g., PKA, PKG, CaMKII, PKC) and phosphatases (PP1, PP2a). Changes in kinase and phosphatase activity have been shown to be important in other forms of heart failure 26, 43 ; changes in HFpEF may represent important targets for novel therapies and important areas for future research.
Several other important mechanisms influencing the ECM were not examined in the current study, e.g., collagen isoform expression and content, troponin I and T, and galectin-3.
Unfortunately, the size of the LV biopsy limited the total number of experimental measurements obtainable from each sample. Each of these additional mechanisms represents important directions for future research.
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Finally, the effects of medications taken by the patients prior to surgery on titin phosphorylation and ECM homeostasis could not be assessed.
Clinical Implications
HTN is commonly a progressive process that leads to adverse cardiovascular remodeling, abnormal diastolic function, and the development of heart failure, particularly HFpEF [65] [66] [67] . Once
HFpEF has developed, subsequent morbidity and mortality rates are very high [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] or mortality [70] [71] [72] [73] [74] [75] [76] . Therefore, there is a need for novel treatments beyond blood pressure control.
The development of novel therapies must overcome several critical barriers. Most importantly, the cellular, extracellular, and molecular mechanisms that cause the progression from HHD to HFpEF must be defined in man. Although animal models are useful, they do not capture all of the key elements of complex and chronic human disease processes. Once proven operative in patients, each mechanism can serve as a target for successful therapy. The current study identifies two of these mechanisms; changes in collagen content and titin phosphorylation, each of which is a potential target. In addition, plasma biomarkers that reflect these changes in collagen, titin and the profibrotic milieu could be used to improve diagnostic criteria for HFpEF 
Conclusions
HTN in the absence of HFpEF was not associated with increased passive myocardial stiffness.
However, we show for the first time that patients with hypertension and HFpEF have markedly increased passive myocardial stiffness due to increases in the contribution of both collagen and titin. These results suggest that the development of HFpEF is linked to a major increase in passive stiffness caused by changes in both collagen and titin homeostasis. with HTN(+ +)H )H )HFp Fp FpEF EF EF h h had ad ad a a an n n in in incr cr rea ea ease se se in n n in in nso so solu lu ubl bl b e e e an an and d d to o ota ta tal l l co co coll ll llag ag agen n n. . Th Th Ther er ere e e we we were re re n n no o o si si s gnificant hypertension but without heart failure and a preserved ejection fraction (HTN(-)HFpEF, crosshatched column), and patients with hypertension and HFpEF (HTN(+)HFpEF black column).
Three titin sites were examined: S11878(S26) and S12022(S170), sites known to be phosphorylated by protein kinase c (PKC) and S4185(S469), a site known to be phosphorylated by protein kinase a (PKA). Patients with HTN(+)HFpEF had an increase in S11878(S26), no change in S12022(S170) and a decrease in S4185(S469). There were no significant differences between HTN(-)HFpEF or referent control patients at any of the three sites. Insert: examples of the phospho-blot (top) and total protein (bottom) for each of the patient groups. There are two bands, the top band represents N2BA and the bottom band represents N2B. Data from both N2B
and N2BA bands were summed. * = p = 0.05. 
